
SiPM to enhance the LAr technology
• ultra low background feasible 

• currently available commercial 
solutions (SensL, Hamamatsu, 
Advansid, etc.) 

• 12x12 arrays (sensitive area ∼ 
3” PMT) 

• cheap, robust, compact 

• high photon detection 
efficiency (PDE=QE∙F∙ε ≥30%) 

• promising performances at LN 
temperature

FBK interested in specific 
development through 

R&D agreement

   SiPM for DarkSide-20k!
!
       on behalf of the DarkSide-20k collaboration

Biagio Rossi
Princeton University/INFN Napoli
Dark Matter 2016
UCLA, Los Angeles, USA
Feb 19th, 2016
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Strategy	gives	you	direc0ons.	
Technology	leads	the	way.	
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DarkSide-50

•  50	kg	ac0ve	mass	

•  Φ	36	cm	x	36	cm	

•  19	(top)	+19	(boPom)	R11065	
Hamamatsu	3inch	PMTs	

• Test of 34 Hamamatsu R11065 
@ Napoli Cryogenic Test Facility 
(at room temperature and in 
liquid Nitrogen, paper in 
preparation)

• New PMTs for run2 upgrade

inner detector PMTs

martedì 16 luglio 13

Hamamatsu R11065 3inch 	

PMT	misbehave	at	LAr	temperature	

19 Feb 2016  DS-20k (C. J. Martoff)
UCLA Dark Matter 2016

3

DS-50 Short Summary

DS-50 is a background-free  WIMP search
 as well as a technology demonstrator.
Key achievements of DS-50 include (see 
A. Fan talk this morning for details):

● PID at 99.999985% level (1.5e-7 mis-ID) 
with (mostly) 90+% NR acceptance
● Radon-suppressed cleanroom assembly
● Production and use of 153 kg UAr target, 
containing 39Ar at 1/1400 of AAr
● Rock-steady, ultra-pure cryo systems with 
external recirc loop & active cooling 
● Neutron shield/veto system with 99+% 
neutron veto efficiency (arXiv 1512.07896)
● 38-channel cold electronics design & fab 
with S/N ~25:1 at 1 PE
● Acquisition, distributed storage & analysis 
of (currently) > 650 TB of data

These elements enable a design for DS-20k, 
to reach 100 ton-year background-free 
exposure and limits of 10-47(10-46) cm2

at 1(10) TeV/c2 
  



MHR

-15%

-20%
Run ID

5280 5300 5320 5340 5360 5380

G
ai

n

1800

1900

2000

2100

2200

2300

2400

310×

PMT BC0104

PMT BC0095

PMT BC0100

Run number
5280 5300 5320 5340 5360 5380

PM
T 

ou
tp

ut
 [P

.E
.]

50

100

150

200

250

BC0100 at -197.0 C

BC0095 at -197.0 C

BC0104 at -197.0 C

Graph

BC0104

BC0100

BC0095

BC0100
BC0104
BC0095

High rate illumination 
↓ 

20% loss in measured 
charge

1 
kH

z

50
 k

Hz
50

 k
Hz

1 
kH

z

comparable drop in gain 
↓ 

fatigue effect

B.	Rossi	-	19	Feb	2016	

3	

DarkSide-50 Cryogenic PMTs
PRO/CONS

•  High quantum efficiency (QE=35%) 
•  Afterpulsing rate <1-2%
•  Darkrate < 500 Hz 
•  Very expensive
•  SPE train when gain >106 forced to develop cold amp
•  Long gain stabilization, Slow turn-on, Fatigue, 

Hysteresis, etc. 

Fatigue effect at LN

DM2016	-	UCLA	 3	

  

• The ratio of non-event-associated 
light seen by the offending tube to 
that seen by any other is 
~100-200.

• Channel 4 sees in 2 us as many 
pe's as the others do in 250 us.

http://blackhole.lngs.infn.it/wordpress/?p=1346
Posted on July 12, 2012 by hunter

martedì 16 luglio 13

SPE train

1	phe	

2	phe	

Not a suitable solution for a large-size LAr DM detector
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Are	SiPMs	a	valuable	alterna0ve	?

DM2016	-	UCLA	

Small-area	
15 mm	

5 cm	

3 mm	

Single SiPMs

2013 Beginning-2015

Large-area	

2014 Middle-2015 Fall-2015

Prototype for 
PMT-SiPM 
comparison	

In the fall of 2013 we started a path to assess the 
feasibility of using SiPMs in a LAr detector

1.  Testing commercial SiPMs performance at LAr temperature 
2.  Develop cryogenic read-out electronics for reducing the number of channel 

outputs

FBK custom 
cryogenic 
production	

2016 and on

DS-20k	

GAP-TPC  a 4π 
detector for to study 
recoil directionality 	

Excellent results so far

Yes, SiPMs can replace PMTs in LAr detectors	



SiPM vs PMTs

9

DarkSide-50 TPC

• 50 kg active mass of UAr!

• 19 (top) + 19 (bottom) R11065 HQE 
Hamamatsu 3” PMTs!

• ϕ 36 cm × 36 cm drift!

• Lateral walls made of high reflectivity 
polycrystalline PTFE!

• All inner surfaces coated with TPB!

• Fused silica diving bell (top) and 
window (bottom) in front of the PMT 
arrays coated with ITO.!

Designed to provide an extremely high 
light yield, decreasing the detection 
energy threshold

SiPM LAr-TPC

PMT LAr-TPCs

13
	c
m
	

<	
1	
cm

	

B.	Rossi	-	19	Feb	2016	 DM2016	-	UCLA	 5	

PROs
•  Low operation voltage (20-30V)
•  Increase photocathodic coverage of the TPC and in principle 

allow for 4pi coverage
•  Compactness  (width <1 cm) -> increase the ratio active/total 

target volume
•  Price
•  Customizable size and performance
•  Excellent photon counting capabilities and SPE resolution
•  Readout pattern can be chosen at convenience -> Improve XY 

resolution on the edge of the TPC for surface background 
rejection

•  Very high PDE>50% (increasing year-by-year)
•  Virtually radioactive-free (Silicon is very radiopure material BUT 

materials used in the substrate or package of the chip can be 
radioactive)

CONS
•  Dark rate
•  Correlated pulses
•  Recovery time (pulse width)
•  Cryogenic readout needed



SensL	MicroSM-30050	

1	phe	

2	phe	

3	phe	
4	phe	
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SiPM	performance	at	LAr:	excellent	photon	coun0ng	capabili0es

• Test of 34 Hamamatsu R11065 
@ Napoli Cryogenic Test Facility 
(at room temperature and in 
liquid Nitrogen, paper in 
preparation)

• New PMTs for run2 upgrade

inner detector PMTs

martedì 16 luglio 13

1	phe	

2	phe	

77 K	

SiPM@77 K	

Possibility to count up to >50 PE

PMT@77 K	
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SensL-ArrayC-60035-64P - Gain Vs BiasSiPM	Gain	Vs	Voltage	

Gain as high as 107	
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A	small-size	commercial	array	(2014)

16	cells	of		
3x3mm2	

SensL-ArrayB-30035-16P	

LNGS/Napoli/Houston	

Active sum (trans-imp amplifier)

•  Array size: 1.5x1.5 cm2 (total 225 mm2 - active 144 
mm2)

•  64 SiPMs of 3x3 mm2

•  SPAD size 35 µm 
•  SPAD capacitance ≈150 fF (@RT)
•  SiPM PDE: 41% (@5Vov)
•  SiPM Capacitance 0.85 nF/channel
•  Array fill factor about 65%
•  Cryogenic readout board with 2 outputs 8 channels 

summed each
•  Power consumption 120mW
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DM2016	-	UCLA	

Gain up to 8�106	

S.	Catalano*	et	al.,	JINST	10	(2015)	08,	P08013	
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A	large-size	commercial	array	(2015)

DM2016	-	UCLA	

SensL-ArrayC-60035-64P	

INFN	Napoli	

Electronic noise RMS≈1.5 mV
Cryogenic amplifier very stable

Ch.	1	-	1.68mV	RMS	

Ch.	0	-	1.64mV	RMS	

•  Array size: 5x5 cm2 (active 2304 mm2)
•  64 SiPMs of 6x6 mm2

•  SPAD size 35 µm 
•  SPAD capacitance ≈150 fF (@RT)
•  Nominal SiPM PDE: 41% (@5Vov)
•  SiPM Capacitance 3nF/channel
•  Array fill factor about 76%
•  Cryogenic readout board with 2 

outputs 32 channels summed each

Main issues to face:
1.  Keep low power consumption (40 mW)
2.  Prevent bubbling (heat hot spots)
3.  SiPMs have huge capacitance nF/cm2

4.  Large input capacitance reduce the BW
5.  Large input capacitance increase noise

One cannot sum up a very large number of SiPM
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SensL-ArrayB-30035-16P - SPE resolution Vs Bias

9	

SensL	ArrayC-60035-64P	performance	at	LAr

Probability of correlated pulses vs VOV

SPE resolution vs VOV
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SiPM	vs	PMT	in	LAr
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PMT	R11065	

SiPM	array	
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Figure 5. Tha gamma-ray Americium peak reconstructed with the Hamamatsu PMT (left) and with the SiPM
array (right). The light yield value of the SiPM is already rescaled to take into account the e�ect of correlated
pulses (optical cross talk and afterpulses). The GAP-TPC prototype shows a light yield of 9.9 PE/keV, the
maximum ever reached for a liquid argon detector. The SensL SiPM array exceeded the light yield of the
Hamamatsu PMTs by more than 20%.

step towards the adoption of SiPMs as the baseline for future liquid argon dark matter detectors.
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LY = 260PE
59.5keV

=
4.3PE
keV

LY = 331PE
59.5keV

=
5.6PE
keV

Record total LY collected of 
9.9 PE/keV	

SiPM “sees” 20% more light than the PMT

B.	Rossi	et	al.	JINST	11	(2016)	02,	C02041	
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INFN Napoli	
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DS-20k strategy on photosensors

19 Feb 2016  DS-20k (C. J. Martoff)
UCLA Dark Matter 2016

16

R&D toward: 50x50 mm radiopure tiles in 25x25 cm motherboard arrays....

Plan for 5000 photodetectors

•  5x5cm2 radiopure tiles (3’’ PMT equivalent)
•  97 squared 25x25cm2 motherboards arrays 

(2450)
•  12 triangular motherboards array (180 tiles)
•  About 5000 tiles to cover DS-20k’s anode 

and cathode with maximum photocathodic 
coverage

19 Feb 2016  DS-20k (C. J. Martoff)
UCLA Dark Matter 2016

16

R&D toward: 50x50 mm radiopure tiles in 25x25 cm motherboard arrays....

Cathode/anode sketch

A full chain (development-production-packaging-testing) strategy

1.  Custom SiPM development (FBK) for cryogenic temperature and large-scale production 
(LFoundry)

2.  Multiple SiPM test stations to feedback and guide the development phase
3.  Radiopure and robust packaging of the tiles 
4.  Radiopure cryogenic readout board to reduce output channels
5.  Integration of the photosensor with the readout board
6.  Massive test characterization and selection of detector modules before the installation in 

DS-20k TPC

See J. Martoff talk



1.  PDE larger than 40% at 420 nm
2.  Dark count rate (DCR) lower than 0.1 Hz/mm2

3.  Total correlated noise probability (TCNP) 
(crosstalk + afterpulsing) lower than 40 %

4.  Photo-electron gain larger than 1M
5.  Signal duration of less than 300 ns

12	

SiPM requirements for DS-20k
DS-20k collaboration initiated a custom R&D on SiPM with FBK

The HD technology introduced by FBK 
meets and beats all the requirements

B.	Rossi	-	19	Feb	2016	 DM2016	-	UCLA	

A. Gola	

A. Gola	

FBK recently developed HD technology that has a 
narrow border region around each SPAD to increase 

PDE (QE) and a trench system to reduce the 
optical cross talk



PDE	vs	λ
30µm cell size

 (78% fill factor)

PDE as high as 55% for large OverVoltage
And it stays constant as a function of the temperature

First custom production shows very encouraging performance	

Room temp	

20Andrea Mandarano - DS General Meeting, Milan27/01/2016

NUV-HD low field: 
PDE measurement

PDE is roughly constant in our temperature range!

• Pulsed light source (400 nm) 
illuminates the device and also 
serves as trigger 

• p(0) = number of triggers with 
only baseline/total number of 
triggers 

• PDE = 1-p(0)

λ= 400 nm

A. Gola	

A. Mandarano	

FBK NUV-HD technology performance: PDE

13B. Rossi - 19 Feb 2016 DM2016 - UCLA



Standard	field	

Low-field	

About 107 reduction in DR reduction from Room temperature to LAr

A 50x50 mm2 SiPM array would have a total DCR < 30 Hz!

FBK NUV-HD technology performance: Dark Rate

A. Gola	

14B. Rossi - 19 Feb 2016 DM2016 - UCLA

LAr	
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DS-20k SiPM test stations
Multiple test stations to feedback and guide the development phase at LNGS 

and INFN Napoli (50-100 SiPMs tested per week capable)

5Andrea Mandarano - DS General Meeting, Milan27/01/2016

Experimental setup

We are able to carry out measurements on a 
large temperature range 

40 K < T < 300 K

SenSL 
MicroSB cell

INFN Napoli setup The SiPM test bench!

Temperature#monitor#and#
control#

B.#Rossi# TIPP#2014#/#Amsterdam#2#June#2014# 13#

INFN Napoli setup The SiPM test bench!

Temperature#monitor#and#
control#

B.#Rossi# TIPP#2014#/#Amsterdam#2#June#2014# 13#
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19Ø76,1x1.5-21.4301-1.43072Curva a 45° da 2"½  
18Ø42,1x1.51.4301-1.43073Tubo S.C. 1"¼  
17In commercio1.4301-1.43073Flangia CF40 x 42  
163727-00391.4301-1.43073Mensola  
15In commercio1.4301-1.43071Flange KF40  
14UNI 5588 - M6A2-7020Dado esagonale  
133727-0015Alluminio 60611Schermo  
12M6x160VETRONITE G104Asta filettata M6  
113727-0013VETRONITE G103Distanziale  
103727-0012Alluminio 60613Boccola  
93727-0011VETRONITE G103Distanziale  
83727-0010Alluminio 60613Boccola  
73727-0008Rame1Disco di supporto  
6Supply INFN Napoli/1Cryocooler PT60  
5Ø353.9x31.4301-1.43071Tubo 12"  
4Ø250x2 L=360Alluminio 60611Schermo a bicchiere  
3Ø353.9x31.4301-1.43071Fondo decinormale da 12"  
23727-00051.4301-1.43071Controflangia a saldare  
13727-00041.4301-1.43071Flangia cieca  

ELENCO PARTI / Part List
RefNUMERO PARTE/NOTEMateriale/MaterialQtà/QtyDescrizione/DescriptionCOLATA/HeatCE
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Packaging

Research and development of assemblies on radio clean substrates at Princeton

  

The tile assembled 'on the fly'

during the PE workshop in LNGS

Great thanks to Bert Harrop 

9 cm^2 of RGB HD fast FBK Sipms

Readout with one fast transimpedance amp

Sipm size 1cm^2, Vbr 28V, capacity ~3-5nF
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Radio	pure	readout	cryo-electronics

Accomplishments
•  Performance of the cryo-readout board are already quite 

satisfactory
•  Total power <200mW per DM
•  Reduction of the radioactive budget of the readout board by 

using fused silica substrates

NEXT STEPs
•  Introduce on SIPM-chip TSV packaging

  

Detector segmented into series/ parallel branches

N devices in series reduces capacity N times

Respect to all devices parallel capacity reduced N^2 times

Price to pay:

Signal amplitude also reduced N times

HV power supply gets raised N times  

Rconv

Less capacity permits to optimize Rconv

OPTIONAL
•  Make use of deposited film resistor and 

silicon base capacitors

•  A slight different readout approach (series/
parallel) is under investigation to try to 
enhance the readout board performance. 



Thank	you	Alberto	
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Massive	test	of	all	Detector	Modules
All the 5000 photodetector modules will be cryo-tested before the installation

INFN	Napoli	ExisDng	infrastructures:	
•  70m2	clean	room	
•  250	lt	cryostat	already	equipped	for	tes0ng	

25	DMC	contemporary	
•  DAQ	system	up	to	32	channels	
•  Bias	Voltage	mainframe	
•  Pumping	system	+	leak	checker	
•  50	lt	ultrasonic	bath	
•  Op0cal	system	(laser+spliPer)	
•  Monochromator	(UV)	
•  PT60	and	Lakeshore	
•  LN	 external	 tank	 of	 3000	 liters	 with	

cryogenic	lines	

100	DM/week	
will	be	tested	
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Summary

•  In the last years an aggressive R&D path have been conducted to 
assess the feasibility of replacing PMTs with SiPMs

•  Commercial SiPMs have shown great performance at the LAr 
temperature

•  SiPM QE already higher than cryogenic Hamamatsu PMTs

•  Custom cryogenics FBK production showed very promising 
performance (especially for QE and DR)

•  The HD Technology introduced by FBK meets and beats all 
requirements for operations DarkSide-20k

•  Strategy for massive production-packaging-test chain led by INFN



Thank	you	Alberto	
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Thank you	

Napoli, Italy	
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SensL	ArrayB-30035-16P:	performance@LAr

Probability of correlated pulses vs VOV σSPE vs VOV

Cryo-readout board performs great 
(signal-to-noise)
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Darkrate
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Total Dark Rate 
≈400 Hz

Excellent SPE 
resolution	
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FBK NUV-HD technology performance: Correlated pulses

13Andrea Mandarano - DS General Meeting, Milan27/01/2016

NUV-HD: 
Afterpulse vs T

Standard field Low field

Growth of the microcell recharge time constant helps reducing the 
afterpulse probability at low temperature

14Andrea Mandarano - DS General Meeting, Milan27/01/2016

NUV-HD: DiCT vs T

Standard field Low field

Direct cross-talk probability has only small variations with temperature•  Total correlated pulses 10%+10% (can be improved in next productions)

•  Correlated pulses not harmful in DS-20k detector 

Afterpulses Vs TOptical cross talk Vs T



Benefits	 Drawbacks	

•  Short	signal,	composed	only	of	
the	fast	peak.	

•  Complete	suppression	of	aher-
pulsing.	

•  Highest	PDE,	using	larger	cells	≥	
30	um	at	higher	OV.	

•  Higher	yield	/	bePer	
reproducibility	at	low	T.	

•  Reduced	gain	/	signal	amplitude	
for	a	given	amplifier	bandwidth.	

NUV-HD	SiPM	Gain	
500	ns	gate	

24	Recharge time
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Fall	2013:	searching	for	new	ideas

Can we use different (better) light sensors for LAr-TPCs ?

Sketch*of*the*SiGHT*SiGHT
(H. Wang - UCLA)

SiPM technology	



Thank	you	Alberto	
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Detector	module	assembly
SiPM tiles will be assembled with front end electronics on a copper foil frame to convey the 

heat and possible bubbling away from HV cathode region 


